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Abstract

During the past decade, the radial x-ray diffraction method using a diamond
anvil cell (DAC) has been developed at the X17C beamline of the National
Synchrotron Light Source. The detailed experimental procedure used with
energy dispersive x-ray diffraction is described. The advantages and limitations
of using the energy dispersive method for DAC radial diffraction studies are
also discussed. The results for FeO at 135 GPa and other radial diffraction
experiments performed at X17C are discussed in this report.

1. Introduction

X17C, a side branch of the high-energy, high-intensity superconducting-wiggler x-ray
beam line X17 of the National Synchrotron Light Source (NSLS), at Brookhaven National
Laboratory, is dedicated to DAC high-pressure research. =~ With a five-pole, 4.2 T
superconducting wiggler, the brightness and brilliance of X17C in the energy region from 5
to 80 keV is 5-10 times higher than that of bending magnet beam lines at the Advanced Photon
Sources (APS) [1] as shown in figure 1. Such x-radiation is especially effective for penetrating
diamond windows and measuring diffraction of minute samples at ultrahigh pressures.

2. Experimental set-up

The energy dispersive x-ray diffraction (ED-XRD) system at X17C is shown in figure 2. The
primary slit system consists of a horizontal slit and a vertical slit which are made of four 10 mm
thick tungsten blocks. The motorized slits define the horizontal and vertical positions and sizes
of the incident x-ray beam. A pair of 100 mm length Kirkpatrick—Baez (KB) mirrors consisting
of Si crystals coated with Pt is used for focusing the white x-ray beam at a glancing angle of
approximately 1 mrad [2]. The best focusing is obtained using a 50 um x 50 um incident beam
size which is focused to 10 um (horizontal) x 6 um (vertical). Between the KB mirrors and
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Figure 1. Synchrotron beam flux versus energy at X17C. NSLS ring current: 300 mA, Wiggler
magnetic field B = 4.2 T; APS BM: 100 mA.

(This figure is in colour only in the electronic version)
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Figure 2. A schematic diagram of ED-XRD at X17C, in which S1: primary beam slit; S2: KB
mirrors; D1, D2: receiving slits.

the sample, a cleanup slit of size 40 um x 40 pum is used for reducing the low-intensity tails
of the focused beam. The sample in the DAC is located at the rotation centre of a goniometer.
The system has motorized w and y rotation stages and linear translation stages in the X, Y, and
Z directions. A Canberra intrinsic Ge solid detector (model GLOO55PS) on the 26 arm collects
the diffraction signal after it passes through two receiving slits, D1 and D2. The receiving slit
D1 provides spatial resolution and D2 determines the 26 angular resolution. The D1 slit size
ranges from 25 to 100 pm in the horizontal direction and 300-500 pm in the vertical direction;
the D2 slit size is 200 um in the horizontal direction and 4—6 mm in the vertical direction. D1
is located about 20-25 mm from the sample and D2 is about 220-250 mm from the sample.
The detector energy resolution is 220 eV at 8.04 keV, and about 360 eV at 59.54 keV.

The combination of microscopic incident beam and finely collimated diffracted beam
at X17C provides excellent spatial resolution for separating the diffraction signals of the
sample from those of the high-strength beryllium gasket in the DAC [3]. Figure 3 shows the
geometry of a radial x-ray diffraction (RXD) experiment. The x-ray beam passes through
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Figure 3. Radial x-ray diffraction geometry.

Figure 4. Radial x-ray diffraction setup for y =
90° at X17C. Ge detector at fixed 26 angle.

the beryllium gasket in the radial direction and probes the lattice strains of a polycrystalline
specimen subjected to a uniaxial stress. The DAC is mounted on a y rotation stage, in which
the uniaxial compression direction of the DAC is perpendicular to the rotation axis of x that
bisects the 20 angle between the incident and diffracted x-ray beams. The angle y» between the
diffraction vector and the DAC axis is varied as the DAC rotates around the x axis. Figure 4
shows a photograph of the RXD setup for the ¥ = 90° geometry at X17C. Before RXD
experiments, the sample is centred in the x rotation stage using an off-line, motor-driven
x -rotation alignment system. Then the y rotation stage containing the DAC is mounted on
the goniometer. At w = 90°, x = 0°, the DAC is in conventional axial ED-XRD geometry,
as shown in figure 2. The sample is then aligned to the rotation axis of the w stage following
the normal alignment procedure. First, sample x, y, and z positions are optically aligned with
a microscope. Then the sample centre position is defined according to the profile of absorption
intensity of sample measured from an air ionization chamber located in the downstream x-
ray beam path. When w is rotated to 0°, the sample is in the correct position for the radial
diffraction geometry where x = 0°, and ¥ &~ 0°, as shown in figure 3. For different ¥/ angles,
the sample centre is verified by scanning the horizontal and vertical translation stages across
the incident x-ray beam and measuring sample absorption with the ion chamber. To avoid
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Figure 5. ED-XRD spectrum of rhombohedral phase FeO at 135 GPa and ¥ = 90°, 260 = 17°.

diffraction peaks from the beryllium gasket, a 10 um x 6 um focused incident beam and a
30 um (width) receiving slit (D1) were used to reduce the sampled area, i.e., intersection of
incident and diffraction beams, to a 10 um x 30 um lozenge. A 0.2 mm x 6 mm secondary
receiving slit (D2) was used for achieving sufficient angular resolution.

Compared to the angle-dispersive x-ray diffraction (AD-XRD) method using a two-
dimensional detector, the ED-XRD using a point detector has gradually been losing ground
in the high-pressure synchrotron community since the mid-1990s because of its low resolution
and its access to only a small part of the Debye—Scherrer cone [4]. However, for RXD, ED has
the unique geometrical advantage that for each diffraction pattern, ED-XRD measures the same
strain direction i for all diffraction peaks, while AD-XRD measures different ¥ depending
upon the 6 and x angles. In addition, the ED-XRD method has the advantage of selecting a tiny
diffraction intersection lozenge zone to avoid the diffraction peaks from gasket materials, such
as the strong diffraction peaks from a Be gasket. An example of an RXD spectrum showing
a thombohedral FeO ED pattern at 135 GPa without a beryllium gasket signal is presented in
figure 5.

3. Applications

Using the RXD method, experiments under deviatoric stress can provide information about
strength, elasticity and preferred orientation of polycrystalline materials exceeding megabar
pressures [5—7]. In RXD, the d-spacing of a polycrystalline sample under uniaxial stress varies
linearly with (1 — 3 cos? ):

day = dpuny [(1 — 3 c0s* ¥) Quiry + 1] (1)

where d (1) is the d-spacing under hydrostatic pressure, and Q ) is a function of the single-
crystal elasticity tensor [5, 6]. Figure 6 shows how the d-spacings of the first three diffraction
peaks of the rhombohedral-phase FeO at 135 GPa vary with (1 — 3 cos? /).

Single-crystal elasticity tensors (C;;) of polycrystalline materials can be derived from
RXD data with assumptions of o between isostrain (« = 0) and isostress (¢ = 1) conditions.
For example, the elasticity tensors for hexagonal-close-packed (hcp) Fe were estimated from
RXD data to 211 GPa [3, 7]. In that study, a relatively large shear elastic anisotropy as given
by the ratio Cs4/Css Was observed which was bigger than the results from first-principles
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Figure 6. d-spacings of FeO at 135 GPa versus (1 — 3 cos® /), in which v varies from 0° to 90°.

calculations [8—10]. The RXD data of Fe may reflect stress variation owing to preferred slip
systems [11], and a similar anomalous anisotropy for the hcp metal Re was also observed [12].
This may suggest that the « value could be mathematically bigger than 1 if estimates are
based on the less elastic anisotropy model. However, « = 0.5 or 1 was generally used
in the data analysis process in various papers [3, 5-7]. This reflects the need for a more
advanced analytical model. The effects of texture [13, 14] and plastic deformation [15] on
the elasticity measurement have also been documented. A recent RXD experimental study up
to 30 GPa to determine the single-crystal elastic moduli of hcp Fe yielded comparable Cy4 and
Ce values [16].

From the texture pattern of deformed materials, it is possible to infer active deformation
mechanisms by comparing experiments with corresponding polycrystal plasticity simulations.
One excellent example was the RXD study of hcp Fe at 220 GPa [17]. Iron crystals displayed
strong preferred orientation, with c-axes parallel to the axes of the DAC. A large plastic strain
of 50%-100% was observed, and it was inferred that basal slip was the active deformation
mechanism in hep Fe, probably in combination with other systems. Even if prismatic slip was
favoured, basal slip became dominant as preferred orientation developed [17].

From RXD data, we can determine the differential stress of material under uniaxial
compression. For example, the differential stress of an OH-bearing (hydrous) ringwoodite
increases from 2.9 to 4.5 GPa over the pressure range 6.7—13.2 GPa at room temperature [18].
This result suggests a significant water weakening effect when compared with results from
similar experiments on the anhydrous counterpart [19].

From RXD data, we can also derive unbiased bulk modulus and other P-V equation-of-
state parameters comparable to those obtained from hydrostatic experiments. Conventional
axial XRD measures d-spacings at y = 90° £ 10° that are systematically larger than the
unbiased d,, at the pressure P. Based on equation (1), we can determine the unbiased d,, value
at a specific angle of ¥ = 57.4° [20] where 3 cos” v = 1 and d = dp. More precisely, we can
also obtain d, from fitting the d—y data to equation (1). The resultant P—d, data would have
eliminated most of the nonhydrostatic components and would be close to data from hydrostatic
experiments. For example, the RXD data of B¢O up to 65.3 GPa yielded a bulk modulus
Ky =270 £ 12 GPa and its pressure derivative K(/) =1.8+£0.3[21].



S1096 JZ Hu et al

4. Conclusions

Using ED-XRD at X17C, elastic and strength properties of many materials under uniaxial
compression and high pressures have been obtained. The results provide rich information about
seismic anisotropy of materials that are expected to be present in the Earth’s deep interior,
including the inner core material iron [3, 5-7, 17]. This technique has been extended by
various X17C general users to studies of other highly strained minerals, metals, and superhard
materials, including ringwoodite [18, 19], pyrite [22], silica [23], magnesium oxide [24],
gold [12, 25], rhenium [12], molybdenum [25], platinum [26], boron suboxide (B¢O) [21],
and y-SizNy [27].

In summary, radial x-ray diffraction for high-pressure DAC experiments in energy
dispersive mode is well developed at the X17C beamline of NSLS, and has become one of
the routine operation settings for general users of the high-pressure research community. In
addition to Earth science applications, this technique has also been widely used in materials
science, condensed matter physics, and solid state chemistry.
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